INTRODUCTION {#S5}
============

Pancreatic cancer is a devastating disease and the fourth leading cause of cancer-related death in the United States. The absolute number of new cases and deaths due to pancreatic cancer has increased steadily since 2004^[@R1]^ and Rahib et al. predict that pancreatic cancer will be the second most common cause of cancer mortality by 2030.^[@R2]^ Approximately 95% of pancreatic neoplasms are ductal adenocarcinomas (PDAC), which are the most challenging to treat. The rapid progression of pancreatic cancer and its high rate of mortality underlie the importance of improved risk stratification and early detection.

Numerous studies have demonstrated that family history of pancreatic cancer in a first degree relative is associated a 2- to 3-fold increased risk of pancreatic cancer.^[@R3]^ Previous epidemiologic studies and case reports have demonstrated pancreatic cancer clustering in families. "Familial pancreatic cancer" (FPC) has been defined as kindreds with at least a pair of first degree relatives affected with pancreatic adenocarcinoma^[@R4]^ and accounts for approximately 5 to 10 percent of patients with pancreatic adenocarcinoma.^[@R5]^ This standardized definition is now widely used and has facilitated research addressing a variety of questions, including genetic susceptibility.

Increased risk of pancreatic cancer is associated with several inherited syndromes for which the predisposing genes have been identified. The most prominent syndromes are hereditary breast-ovarian cancer syndrome, particularly due to germline mutations in *BRCA2*, and familial atypical mole and melanoma syndrome, due to mutations in *CDKN2A*. In the most comprehensive analysis to characterize the genetic variation in FPC patients to date, the Pancreatic Cancer Genetic Epidemiology (PACGENE) Consortium found that mutations in the HBOC genes (*BRCA1*, *BRCA2*) and *CDKN2A* were identified in 7.4% of FPC probands.^[@R6]^ Pancreatic cancer risk is also increased in Lynch syndrome (*MLH1*, *MSH2*, *PMS2*, and *MSH6*)^[@R7]--[@R9]^ and hereditary pancreatitis.^[@R10]^ In addition, germline mutations in *PALB2*^[@R6],[@R11],[@R12]^ and *ATM*^[@R7],[@R12],[@R13]^ have been identified among FPC probands using next-generation sequencing, extending the catalog of predisposing genes. Functional roles for identified germline mutations in these two genes were further supported by loss of heterozygosity of the wild-type allele in the pancreatic tumor of the mutation carriers.^[@R11],[@R12]^

Pancreatic cancer thus appears to be a genetically heterogeneous disease which is associated with a number of syndromes. Although the American College of Gastroenterology (ACG) provides some guidance about what genes may be appropriate for testing, these guidelines are limited to patients who meet criteria for FPC.^[@R14]^ Importantly, germline mutations in genes with known pancreatic cancer risk are associated with increased risk of other cancers. Hence, panel testing of multiple cancer-risk genes is likely to increase etiologic information and potentially enhance genetic risk assessment of pancreatic cancer patients who report a positive family history not limited to FPC.

Previously, kindreds treated at the Mayo Clinic that contained at least two affected biological relatives with pancreatic cancer were assessed for mutations in four PDAC-risk genes.^[@R6]^ In light of the genetic heterogeneity of pancreatic cancer, here we more comprehensively assessed the prevalence of genetic variants in this cohort. This was done by analyzing 25 cancer susceptibility genes in one affected member per kindred. This included individuals with a personal and family history of pancreatic cancer not limited to FPC. Genes with known pancreatic cancer risk were included, including the HBOC genes, Lynch syndrome genes, and familial melanoma genes. Additional high and moderate penetrance genes associated with increased risk of other cancers, including breast, ovarian, and colorectal, were also included.

PATIENTS AND METHODS {#S6}
====================

Patients {#S7}
--------

Institutional review board approval was granted at Mayo Clinic, and written consent was obtained from all patients in order to be included in the study. Affected patients were recruited into the Biospecimen Resource for Pancreatic Research registry between the years 2000 and 2013 at the time they sought clinical care at Mayo Clinic. Demographic, clinical, and pathological data are maintained in the registry. A diagnosis of PDAC in affected patients was established via biopsy or clinical documentation. Individuals with hereditary pancreatitis were excluded. Family history information was self-reported in questionnaires, including reports of cancers in family members. Kindreds with at least one pair of first degree relatives who were affected with PDAC were considered FPC; kindreds with at least two affected blood relatives that did not meet the FPC definition were considered "familial non-FPC".

Unrelated affected patients in FPC or familial non-FPC kindreds who provided a blood sample were eligible for the study. Although the vast majority of patients were included in our prior report of 4 genes (300/302, 99.3%)^[@R6]^, 21 additional genes were tested in this study. This included 16 genes known to be associated with PDAC (*APC*, *ATM*, *BMPR1A*, *BRCA1*, *BRCA2*, *CDK4*, *CDKN2A*, *EPCAM*, *MLH1*, *MSH2*, *MSH6*, *PALB2*, *PMS2*, *SMAD4*, *STK11*, and *TP53*) and 9 genes with no known association with PDAC (*BARD1*, *BRIP1*, *CDH1*, *CHEK2*, *MUTYH/MYH*, *NBN*, *PTEN*, *RAD51C*, and *RAD51D*). All genes included in the ACG guidelines for pancreatic cancer genetic testing are included in this panel.^[@R14]^ Each patient's frozen buffy coat sample was de-identified and labeled with a unique identifier, and all samples were sent to Myriad Genetic Laboratories, Inc. for DNA extraction and mutation testing.

Next Generation Sequencing (NGS) Assay {#S8}
--------------------------------------

Sample preparation for next generation sequencing (NGS) was performed from DNA extracted from buffy coats using the RainDance microdroplet polymerase chain reaction (PCR) system (RainDance Technologies, Billerica, Massachusetts).^[@R15]^ Briefly, PCR products representing exons and proximal splicing elements of patient DNA were amplified in merged droplets consisting of fragmented patient DNA and select target enrichment primers. These PCR products were subsequently tagged with barcodes and sequencing adaptors for NGS on the Illumina HiSeq platform. To circumvent highly homologous pseudogenes, modified sample preparation with long-range and nested PCR followed by NGS on the Illumina MiSeq platform was used for portions of the *CHEK2* and *PMS2* genes. All clinically actionable variants identified by NGS, and regions that did not meet our pre-set NGS quality metrics were independently confirmed with orthogonal site-specific Sanger sequencing.

To detect exonic deletions and duplications, NGS dosage, microarray comparative genomic hybridization (CGH), multiplex ligation-dependent probe amplification (MLPA) or a combination of these analyses was performed, with all positive results confirmed by an orthogonal method.^[@R15]^

Variant Classification {#S9}
----------------------

Variants were classified using American College of Medical Genetics and Genomics recommendations, with supporting linkage, biochemical, clinical, functional and statistical data used for specific missense and intronic alterations.^[@R16],[@R17]^ Pathogenic variants (PVs) are those that received a laboratory classification of deleterious or suspected deleterious. Variants for which the pathogenicity could not be determined were categorized as variants of uncertain significance (VUS). Novel, previously unreported mutations discovered in this study were defined as those not previously identified by the testing laboratory (Myriad Genetic Laboratories, Inc.).

Data Analysis {#S10}
-------------

Analytic methods used in this study have been previously described.^[@R6]^ Briefly, prevalence of PV and VUS of the 25 genes studied were compared between individuals of FPC and familial non-FPC kindreds using odds ratios (OR) and 95% confidence intervals (CI). Descriptive statistics and mutation rates were calculated. Comparisons of the mutation prevalence between groups were measured using either chi-square or Fisher's exact tests, depending on sample sizes. Differences in family history of other cancers by mutation carrier status were quantified using chi-square or Fisher's exact tests. Statistical analyses were completed using SAS 9.4 (SAS Institute, Cary, NC).

RESULTS {#S11}
=======

Patient characteristics and variant results of the 302 study participants are presented in [Table 1](#T1){ref-type="table"}; 185 (61.3%) were FPC, and 117 (38.7%) were familial non-FPC. Median age of diagnosis was 65 years (range 37--93 years), and 53.6% were males. The tested patients were almost entirely White/Caucasian (97.7%), and 8 (2.7%) were of Ashkenazi Jewish descent. The distribution of pancreatic cancer stage was similar to what would be expected in an unselected pancreatic cancer patient population, with roughly equal proportions of resectable, locally advanced, and metastatic cancer. There were no substantial differences between the two familial groups. Most kindreds (79.2%) contained 2 affected members with pancreatic cancer, 14.6% reported 3 affected individuals, and 6.2% contained 4 or more affected individuals. Patients in the FPC group reported a higher number of PDAC per kindred relative to the familial non-FPC group.

[Table 2](#T2){ref-type="table"} summarizes germline PV prevalence among the 302 tested patients. The aggregate prevalence was 36/302 (11.9%) for all cases with any positive PDAC family history. When results were stratified by familial group, the probability that any mutation was identified in an FPC patient was 13.5%, compared to 9.4% among familial non-FPC patients (OR=1.5; 95% CI=0.7--3.2; p=0.28).

The distribution of PVs is presented in [Figure 1](#F1){ref-type="fig"}. PVs were identified in 11 genes, including 7 PDAC-associated genes (*ATM*, *BRCA1*, *BRCA2*, *CDKN2A*, *MSH2*, *PALB2*, and *PMS2*) and 4 genes with no known PDAC association (*BARD1*, *CHEK2*, *MUTYH/MUY*, *NBN*). Overall, 75% of PVs detected were in genes known to be associated with PDAC. There was a statistically significant higher proportion of PVs in PDAC-associated genes in the FPC group (11.9%) compared to the non-FPC group (4.3%) (OR=3.0; 95% CI=1.1--8.2; p=0.02). There were no statistically significant differences in the PV positive-rate for genes with no known PDAC association between the FPC and non-FPC groups (1.6% vs 5.1%; p=0.09), although the number of PVs was small.

Twenty-seven individuals were found to carry a PV in a gene associated with increased risk of breast cancer (*ATM*, *BARD1*, *BRCA1*, *BRCA2*, *CHEK2*, *PALB2*, *NBN*). A larger proportion breast cancer PV carriers had a first degree relative with breast cancer (13/27, 48.1%) versus non-carrier patients (75/275 (27.3%); p=0.02). When limited to only female patients, the proportions were 9/12 (75%) for breast cancer-PV carriers and 38/128 (29.7%) for non-carriers (p=0.003).

[Table 3](#T3){ref-type="table"} lists patient characteristics of the 36 patients who tested positive for at least one germline PV. All but one patient who tested positive for a PV carried a mutation in only one tested gene. The single exception was an FPC patient of Ashkenazi Jewish heritage who carried mutations in both *BRCA1* (187delAG) and *BRCA2* (6174delT); this double mutation carrier has been previously reported.^[@R6]^

[Supplemental Table 1](#SD1){ref-type="supplementary-material"} summarizes the prevalence of VUSs by patient's family history status. The aggregate prevalence is 90/302 (29.8%) for all cases with any positive family history. The probability that a patient carried a VUS in any gene was 31.4% and 27.4% for FPC versus familial non-FPC, respectively; these rates were not statistically significantly different. There were no statistically significant differences in the PDAC-associated or non-PDAC-associated VUS rates by family status.

[Supplemental Table 2](#SD1){ref-type="supplementary-material"} summarizes the PVs and VUSs in the 25 genes for this sample; novel variants are highlighted. The 5 novel PVs detected were *ATM* c.741dup (p.Arg248Serfs\*6), *ATM* c.1978del (p.Met660Trpfs\*4), *ATM* c.8264dup (p.Tyr2755\*), *BARD1* c.632T\>A (p.Leu211\*), and *PMS2* c.2175-1G\>A, IVS12-1G\>A. The 7 novel VUSs detected were *APC* c.4462T\>G (p.Leu1488Val), L1488V (4462T\>G), *CDH1* c.258A\>C (p.Lys86Asn), *CDKN2A* c.329del (p.Gly110Valfs\*62), *NBN* c.1490C\>T (p.Thr497Ile), *PMS2* c.2453T\>C (p.Ile818Thr), I818T (2453T\>C), *RAD51C* c.1103G\>A (p.Arg368Gln), and *RAD51D* c.287G\>T (p.Gly96Val).

DISCUSSION {#S12}
==========

In this study, we tested newly extracted lymphocyte DNA from 302 pancreatic cancer patients who reported a positive family history using a genetic testing panel of 25 cancer predisposition genes. We found 11.9% of patients carried a PV in at least one of 11 of genes included on the panel. The majority of PVs were in genes previously known to be associated with pancreatic cancer (*ATM, BRCA1, BRCA2, CDKN2A, MSH2, PALB2*, and *PMS2*). We observed mutations in genes not currently included in the catalog of genes associated with pancreatic cancer susceptibility (*BARD1, CHEK2, MUTYH/MYH*, and *NBN*). When analyzed by FPC status, we found only a slightly higher overall prevalence of PVs among FPC (13.5%) patients versus non-FPC patients (9.4%). However, when analyzing PDAC-associated variants, the prevalence of PV among FPC patients was higher than among non-FPC patients (11.9% vs 4.3%), which is consistent with our previous finding when only 4 PDAC-associated genes were analyzed.^[@R6]^

When results of germline genetic mutations in pancreatic cancer across multiple studies are considered, there is the expected observation that more mutations are detected when the number of tested genes increases. We found that the overall mutation prevalence of 11.9% was higher than the previous report assessing mutations in 4 genes in this same cohort (10.4%).^[@R6]^ Increasing the gene panel from 4 to 25 genes thus increased the PV identification rate by 1.5%. The combined mutation prevalence of *BRCA1* and *BRCA2* genes in our current study (12/302, 4.0%), is also similar to that reported by Holter et al.^[@R18]^ in an unselected series (14/306, 4.6%). However, it could be argued that the incremental difference in the overall positive rate suggests that the detection rate may be saturated even when more genes are interrogated. For example, the overall positive mutation rate here is slightly lower than that reported by Hu et al. In study of 21 genes in 96 consecutive PDAC cases unselected for family history, Hu et al. found that 13.5% of patients were found to carry a pathogenic mutation.^[@R19]^ It should be noted that two patients included in the Hu et al. study were also included here, including one *BRCA2* positive patient. In another study, Grant et al. examined 13 genes in 290 PDAC cases reported a mutation prevalence of only 3.8% (11/290).^[@R7]^ This lower mutation prevalence is likely related to the fact that the cohort assessed by Grant et al. was lower risk, with nearly two-thirds of cases reporting no family history of pancreatic, breast, or ovarian cancer.

On the other hand, we also observed PVs in four genes that are not considered to be PDAC-associated. This observation, combined with discovery of novel PV in *ATM*, *BARD1*, and *PMS2*, and that 80/266 (30.1%) of patients carried VUS but not PV (and will require further investigation to determine whether they are deleterious or not) opens new areas for investigation. Interestingly, 10/36 (28%) PV carriers also carried a VUS as well, though not necessarily in the same gene in which the PV occurred (only one *ATM* PV carrier also had a VUS in that gene; and only two *CDKN2A* PV carriers also had a VUS in that gene).

Overall, 27 individuals were found to carry mutations in genes associated with an increased risk of breast cancer, the most common of which was *BRCA2*. Although there was an increased family incidence of breast cancer among these individuals, only 48% of these individuals reported a history of breast cancer in a first degree relative. However, a previous study by Rosenthal et al. showed that only 25% of women tested with a multi-gene panel who had a mutation in a breast cancer-risk gene had a family history consistent with an increased risk of breast cancer.^[@R20]^ These findings were observed for high penetrance genes, such as *BRCA1* and *BRCA2*, as well as moderate penetrance genes. This suggests that family history may not be apparent in all individuals at increased risk. In addition, the PVs identified in these genes represent clinically actionable findings, with gene-specific management guidelines to minimize risk of breast and/or ovarian cancer for patients and their family members.^[@R21]^

After *BRCA2*, *ATM* was the most common breast cancer risk gene in which PVs were identified. Eight individuals were identified as carrying a PV in *ATM*, six of whom were FPC. While there is growing consensus in the pancreatic cancer genetics literature that germline mutations in *ATM* can predispose to pancreatic cancer, there are also caveats. *ATM* is a large gene, and little is known about the genetic epidemiology of *ATM* with respect to PDAC. *ATM* localizes to chromosome 11q and was named for its association with ataxia telangiectasia.^[@R22]^ It belongs to the protein family of *PI3K*-related protein kinases and plays an important role in DNA repair. In 2012, *ATM* was reported as a predisposition gene for familial pancreatic adenocarcinoma.^[@R13]^ Heterozygous, constitutional *ATM* mutations were identified in whole-genome and whole-exome sequencing performed on 2 kindreds with familial pancreatic cancer. When the analysis was expanded to consider an additional 166 familial pancreatic cancer patients, an additional 4 patients were found to have deleterious mutations of *ATM*, compared to none in 190 spouse controls (p=0.046).^[@R13]^ Along with others,^[@R7],[@R12]^ our study has found numerous VUSs in *ATM*, and this may indicate that these do not represent putative disease-causing variants.

We also identified four individuals with PVs in *CHEK2.* The *CHEK2* gene plays a role in checkpoint response in the setting of DNA damage and mutation of this gene has been associated with elevated breast cancer^[@R23]^ and prostate cancer risk.^[@R24]^ The protein is, however, found in a wide range of tissues and there is some suggestion that mutation may predispose to thyroid and kidney cancer as well.^[@R25]^ In the study by Hu et al. of unselected PDAC patients, one patient with no family history was found to carry a PV in *CHEK2*.^[@R19]^ Here, all four patients were found to carry *CHEK2* c.1100del, the common European founder mutation.^[@R26]^ Given that the majority of our population reported European ancestry, this may be consistent with the expected population frequency of this mutation. However, in combination with previous reports, further study is warranted to investigate the possible association with PDAC.

Five individuals were found to carry PVs in genes associated with hereditary colorectal cancer. This includes 3/302 (0.99%) patients who were found to carry a monoallelic mutation in *MUTYH/MYH*. The human MutY homologue (*MUTYH/MYH*) is a DNA glycosylase that is implicated in base excision repair. Mutations of this gene have been shown to be affiliated with familial colorectal adenoma and carcinoma in a syndrome termed *MUTYH*-associated polyposis (MAP).^[@R27]^ Extra-colonic manifestations of this gene mutation are still being investigated, but early reports suggest it may predispose to endometrial^[@R28]^ and duodenal cancers.^[@R29]^ Although this is the first report of a *MUTYH/MYH* germline mutation in PDAC, this positive rate may be similar to the population frequency of monoallelic *MUTYH/MYH* mutations. A previous study by Tung et al. in women with breast cancer tested with a multi-gene panel reported a 1.8% prevalence of monoallelic *MUTYH/MYH* mutations.^[@R30]^ In comparison, an incidence of 2.1% was reported in a study of patients with colorectal cancer, which is associated with monoallelic *MUTYH/MYH* mutations.^[@R31]^ Collectively, this indicates that additional studies would be necessary to determine whether *MUTYH/MYH* is associated with PDAC or if these represent incidental findings. However, these do represent clinically actionable findings, as professional society guidelines recommend increased screening for individuals with no personal or family history of colorectal cancer who carry a monoallelic *MUTYH* mutation.^[@R32]^

We also identified two individuals with PVs in genes associated with Lynch syndrome. One individual was found to carry a PV in *PMS2* here, which is characterized primarily by predisposition to colorectal and endometrial cancer. Another individual was found to carry a PV in *MSH2*. While mutations of several genes can result in Lynch syndrome, mutation of *MSH2* appears to carry higher risk than other genes for development of cancer at any site.^[@R33]^ In addition to colorectal cancer, *MSH2* mutation has been linked to endometrial, ovarian, gastric, biliary tract, and urinary tract malignancies.^[@R8]^ Previous studies have also identified mutations in the mismatch repair genes among patients with PDAC. Kastrinos et al. showed that over 20% of families with known mutations in the mismatch repair genes reported at least one case of PDAC.^[@R9]^ In addition, Yang et al. genotyped Lynch Syndrome genes in 66 PDAC patients and identified PV in *PMS2* in 2 patients.^[@R34]^ Previous studies have also shown that families with *MSH2* mutations do seem to be at increased risk for PDAC.^[@R35]^ Collectively, this supports the association of PDAC with Lynch syndrome and demonstrates the value in including these genes in routine PDAC genetic screening.

This study also identified germline mutations in with limited previous observations, including *BARD1* and *NBN. BRCA1*-associated ring domain (*BARD1*) is a protein that complexes with *BRCA1* and localizes to regions of DNA damage, and is thought to play a role in the DNA checkpoint response. It has been speculated that *BARD1* mutations may contribute to breast and/or ovarian cancer susceptibility. ^[@R27],[@R28]^ There has also been some limited observation of PVs in *BARD1* among patients with PDAC: Smith et al. observed a PDAC patient with a *BARD1* PV^[@R36]^ and Hu et al. found a PV in a PDAC patient with a positive family history.^[@R19]^ Heterozygous PVs in *NBN* are also associated with increased breast cancer risk, as well as other malignancies.^[@R37],[@R38]^ The study by Hu et al. also reported one patient with no family history of PDAC who was found to carry a PV in *NBN*.^[@R19]^ In combination with the observations reported here, this suggests that these genes may be associated with an increased pancreatic cancer risk in the setting of FPC.

There were some limitations to this study. The cohort included here was almost entirely European. As such, it is unclear whether the findings presented here are applicable to patients of non-European ancestry. In addition, this study was limited to patients with a personal and family history of PDAC. In the absence of a control group, additional studies would be necessary to investigate causality for PVs identified in genes with no current known association with PDAC.

The foregoing discussion underscores the importance of the need for further research to characterize the genetic risk for PDAC and other cancers in families that may be segregating PV. Importantly, this genetic predisposition expends beyond families who meet the definition of FPC. While our study found that family history of cancer is an important factor in risk assessment and selection for genetic testing, PVs were identified across many genes associated with different cancer genetic syndromes. This highlights the potential advantage of multi-gene panel testing over syndrome-specific sequential testing approaches in PDAC patients. We anticipate that as more PDAC patients are screened by next generation sequencing, the challenges for health care providers will increase, particularly when interpreting results in the absence of family history. Our results underscore the importance of comprehensive family history assessment combined with multi-gene panel testing to enhance risk assessment among pancreatic cancer patients and their families.

Conclusions {#S13}
===========

With 12% prevalence of deleterious mutations, multiple susceptibility gene testing in PDAC patients with a positive family history of pancreatic cancer is warranted regardless of meeting FPC criteria. These findings will inform genetic risk counseling for family members.
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![Distribution of pathogenic variants in 302 patients with pancreatic ductal adenocarcinoma (PDAC) with positive family history. Genes associated with PDAC are colored in dark gray; genes not known to be associated with PDAC are colored in light gray.](nihms885107f1){#F1}

###### 

Clinical and demographic characteristics, total and by FPC status

                                   Total (n=302)   FPC (n=185)   Familial non-FPC (n=117)                
  -------------------------------- --------------- ------------- -------------------------- ------ ----- ------
  Median age at PDAC (range)       65 (37--93)     66 (37--93)   64 (38--87)                             
                                                                                                         
                                   N               \%            N                          \%     N     \%
                                                                                                         
  Sex, male                        162             53.5          98                         53.0   64    54.7
  Race                                                                                                   
   White                           293             97.7          180                        98.4   113   96.6
   African American                4               1.3           3                          1.6    1     0.9
   American Indian/Alaska Native   1               0.3           0                          0      1     0.9
   Native Hawaiian                 1               0.3           0                          0      1     0.9
   Multiracial                     1               0.3           0                          0      1     0.9
   Missing                         2               \-            2                          \-     0     \-
  Ethnicity                                                                                              
   Non-Hispanic/non-Latino         291             99.7          176                        100    115   99.1
   Hispanic/Latino                 1               0.3           0                          0      1     0.9
   Missing                         10              \-            9                          \-     1     \-
  Ashkenazi Jewish heritage                                                                              
   No                              288             97.3          173                        95.6   115   100
   Yes                             8               2.7           8                          4.4    0     0
   Missing                         6               \-            4                          \-     2     \-
  Number PDAC per kindred                                                                                
   2                               239             79.2          128                        69.2   111   94.9
   3                               44              14.6          38                         20.5   6     5.1
   4+                              19              6.2           19                         10.2   0     0
  PDAC stage                                                                                             
   Resectable                      88              31.7          48                         29.1   40    35.4
   Locally advanced                77              27.7          46                         27.9   31    27.4
   Metastatic                      113             40.6          71                         43.0   42    37.2
   Missing                         24                            20                         \-     4     \-

###### 

Germline pathogenic variants (PV) prevalence by type of familial patient (patients meeting Familial Pancreatic Cancer \[FPC\] criteria vs familial Non-FPC), categorized by genes associated and not associated with PDAC. Genes with no PV included *APC*, *BMPR1A*, *BRIP1*, *CDH1*, *CDK4*, *EPCAM*, *MLH1*, *MSH6*, *PTEN*, *RAD51C*, *RAD51D*, *SMAD4*, *STK11*, and *TP53*.

                                                 Total (n=302)   FPC (n=185)   Non-FPC (n=117)                      p-value[\*\*](#TFN2){ref-type="table-fn"}              
  ---------------------------------------------- --------------- ------------- ------------------------------------ ------------------------------------------- ---- ----- ----------
  **All Genes**                                  36              11.9          25[\*](#TFN1){ref-type="table-fn"}   13.5                                        11   9.4   0.29
                                                                                                                                                                           
  Genes Associated with PDAC                                                                                                                                               
                                                                                                                                                                           
  *ATM*                                          8               2.6           6                                    3.2                                         2    1.7   
  *BRCA1*                                        2               0.7           2                                    1.1                                         0    0     
  *BRCA2*                                        11              3.6           8                                    4.3                                         3    2.6   
  *CDKN2A* (*p16*)                               4               1.3           4                                    2.2                                         0    0     
  *MSH2*                                         1               0.3           1                                    0.5                                         0    0     
  *PALB2*                                        1               0.3           1                                    0.5                                         0    0     
  *PMS2*                                         1               0.3           1                                    0.5                                         0    0     
  **Subtotal**[\*](#TFN1){ref-type="table-fn"}   27              8.9           22[\*](#TFN1){ref-type="table-fn"}   11.9                                        5    4.3   **0.02**
                                                                                                                                                                           
  Genes Not Associated with PDAC                                                                                                                                           
                                                                                                                                                                           
  *BARD1*                                        1               0.3           1                                    0.5                                         0    0     
  *CHEK2*                                        4               1.3           1                                    0.5                                         3    2.6   
  *MUTYH/MYH*                                    3               1.0           0                                    0                                           3    2.6   
  *NBN*                                          1               0.3           1                                    0.5                                         0    0     
  **Subtotal**                                   9               3.0           3                                    1.6                                         6    5.1   0.09

One FPC case carried two PV: one in *BRCA1* and one in *BRCA2*.

P-value compares prevalence of mutations in FPC versus familial non-FPC probands.

###### 

Characteristics of pancreatic ductal adenocarcinoma (PDAC) patients with germline pathogenic variants (PV), categorized by genes associated and not associated with PDAC and by family status. Note: Pt 6373 has two PV.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pt                               Sex   Age PC   Race/ethnicity                         Personal history of other cancer (age)   Family status   \# PDAC in family[\*](#TFN3){ref-type="table-fn"}   Family history of other cancers in first degree relative (*n* if more than 1)   Pathogenic variant
  -------------------------------- ----- -------- -------------------------------------- ---------------------------------------- --------------- --------------------------------------------------- ------------------------------------------------------------------------------- ------------------------------------------------------------------------------------
  Genes Associated with PDAC                                                                                                                                                                                                                                                          

                                                                                                                                                                                                                                                                                      

  75                               M     79       Non-Hispanic white                     Prostate (69)                            FPC             2                                                   Breast                                                                          *ATM* c.1978del (p.Met660Trpfs[\*](#TFN3){ref-type="table-fn"}4)

  3124                             F     50       Non-Hispanic white                     None                                     FPC             2                                                   None                                                                            *ATM* c.741dup (p.Arg248Serfs[\*](#TFN3){ref-type="table-fn"}6)

  3489                             F     59       Non-Hispanic white                     None                                     FPC             3                                                   Breast, esophageal                                                              *ATM* c.7630-2A\>C

  6828                             M     52       Non-Hispanic white                     None                                     FPC             2                                                   Colorectal, head/neck                                                           *ATM* c.1564_1565del (p.Glu522Ilefs[\*](#TFN3){ref-type="table-fn"}43)

  7832                             M     61       Non-Hispanic white                     None                                     FPC             2                                                   None                                                                            *ATM* c.8264dup (p.Tyr2755[\*](#TFN3){ref-type="table-fn"})

  8089                             M     58       Non-Hispanic white                     None                                     FPC             2                                                   Brain, lung, myeloma                                                            *ATM* c.3245_3247delinsTGAT (p.His1082Leufs[\*](#TFN3){ref-type="table-fn"}14)

  485                              M     60       Non-Hispanic white                     Bladder (51)                             Non-FPC         2                                                   Breast, prostate, sarcoma                                                       *ATM* c.3802del (p.Val1268[\*](#TFN3){ref-type="table-fn"})

  4155                             M     59       Non-Hispanic white                     None                                     Non-FPC         2                                                   None                                                                            *ATM* c.5932G\>T (p.Glu1978[\*](#TFN3){ref-type="table-fn"})

  6133                             M     77       Non-Hispanic white                     Prostate (63)                            FPC             2                                                   Gynecologic (non-ovarian)                                                       *BRCA1* c.4382_4388dup (p.Tyr1463[\*](#TFN3){ref-type="table-fn"}) 4507ins7

  6373                             M     60       Non-Hispanic white, Ashkenazi Jewish   None                                     FPC             2                                                   Breast                                                                          *BRCA1* c.68_69del (p.Glu23Valfs[\*](#TFN3){ref-type="table-fn"}17) 187delAG;\
                                                                                                                                                                                                                                                                                      *BRCA2* c.5946del (p.Ser1982Argfs[\*](#TFN3){ref-type="table-fn"}22) 6174delT

  746                              F     56       Non-Hispanic white                     None                                     FPC             2                                                   Breast, sarcoma                                                                 *BRCA2* c.961C\>T (p.Gln321[\*](#TFN3){ref-type="table-fn"}) Q321X (1189C\>T)

  3268                             M     93       Non-Hispanic white, Ashkenazi Jewish   None                                     FPC             3                                                   Breast (*3*), lung, prostate                                                    *BRCA2* c.5946del (p.Ser1982Argfs[\*](#TFN3){ref-type="table-fn"}22) 6174delT

  4983                             F     49       Non-Hispanic white                     None                                     FPC             3                                                   Breast (*2*), leukemia                                                          *BRCA2* c.3744_3747del (p.Ser1248Argfs[\*](#TFN3){ref-type="table-fn"}10) 3972del4

  6245                             F     73       Non-Hispanic black                     None                                     FPC             2                                                   Head/neck                                                                       *BRCA2* c.3407_3408insAlu

  6533                             M     49       Non-Hispanic white                     None                                     FPC             2                                                   Lung, ovarian                                                                   *BRCA2* c.9867del (p.Phe3289Leufs[\*](#TFN3){ref-type="table-fn"}24) 10095delT

  6588                             M     81       Non-Hispanic white, Ashkenazi Jewish   Prostate (71)                            FPC             2                                                   None                                                                            *BRCA2* c.5946del (p.Ser1982Argfs[\*](#TFN3){ref-type="table-fn"}22) 6174delT

  8607                             F     51       Non-Hispanic white                     None                                     FPC             3                                                   Gynecologic (non-ovarian), prostate                                             *BRCA2* c.6373dupA (p.Thr2125Asnfs[\*](#TFN3){ref-type="table-fn"}4) 6601insA

  1                                F     42       Non-Hispanic white                     None                                     Non-FPC         2                                                   Prostate                                                                        *BRCA2* c.5722_5723del (p.Leu1908Argfs[\*](#TFN3){ref-type="table-fn"}2) 5950delCT

  1116                             M     59       Non-Hispanic white                     None                                     Non-FPC         2                                                   Gynecologic (non-ovarian)                                                       *BRCA2* c.4965C\>G (p.Tyr1655[\*](#TFN3){ref-type="table-fn"}) Y1655X (5193C\>G)

  1279                             F     64       Non-Hispanic white                     Breast (47)                              Non-FPC         2                                                   Brain, breast (*2*), sarcoma                                                    *BRCA2* c.1813dupA (p.Ile605Asnfs[\*](#TFN3){ref-type="table-fn"}11) 2041insA

  883                              M     64       Non-Hispanic white                     None                                     FPC             2                                                   Bladder                                                                         *CDKN2A/p16* c.286del (p.Val96Cysfs[\*](#TFN3){ref-type="table-fn"}50) 286delG

  1359                             M     56       Non-Hispanic white                     None                                     FPC             5                                                   Gynecologic (non-ovarian) (*3*)                                                 *CDKN2A*/*p16* c.457G\>T (p.Asp153Tyr) D153Y (457G\>T)

  3986                             F     61       Non-Hispanic white                     None                                     FPC             2                                                   None                                                                            *CDKN2A*/*p16* c.-34G\>T 5′UTR-34G\>T

  6888                             M     76       Non-Hispanic white                     Melanoma (39)                            FPC             2                                                   Colorectal, lung                                                                *CDKN2A*/*p16* c.301G\>T (p.Gly101Trp) G101W (301G\>T)

  703                              F     54       Non-Hispanic white                     None                                     FPC             3                                                   Colorectal, leukemia, prostate                                                  *MSH2* c.1046C\>T (p.Pro349Leu) P349L (1046C\>T)

  6547                             F     45       Non-Hispanic white                     None                                     FPC             2                                                   Breast, prostate                                                                *PALB2* del exon 13

  571                              F     85       Non-Hispanic white                     None                                     FPC             2                                                   Colorectal                                                                      *PMS2* c.2175-1G\>A IVS12-1G\>A

                                                                                                                                                                                                                                                                                      

  Genes Not Associated with PDAC                                                                                                                                                                                                                                                      

                                                                                                                                                                                                                                                                                      

  4819                             M     67       Non-Hispanic white                     None                                     FPC             5                                                   None                                                                            *BARD1* c.632T\>A (p.Leu211[\*](#TFN3){ref-type="table-fn"})

  5994                             M     55       Non-Hispanic white                     None                                     FPC             2                                                   Breast, ovarian                                                                 *CHEK2* c.1100del (p.Thr367Metfs[\*](#TFN3){ref-type="table-fn"}15)

  590                              M     72       Non-Hispanic white                     None                                     Non-FPC         2                                                   None                                                                            *CHEK2* c.1100del (p.Thr367Metfs[\*](#TFN3){ref-type="table-fn"}15)

  6213                             F     68       Non-Hispanic white                     None                                     Non-FPC         3                                                   Ovarian, prostate                                                               *CHEK2* c.1100del (p.Thr367Metfs[\*](#TFN3){ref-type="table-fn"}15)

  8142                             F     59       Non-Hispanic white                     None                                     Non-FPC         3                                                   Bladder, breast, prostate                                                       *CHEK2* c.1100del (p.Thr367Metfs[\*](#TFN3){ref-type="table-fn"}15)

  4910                             M     86       Non-Hispanic white                     Prostate (68)                            Non-FPC         2                                                   Breast, prostate                                                                *MUTYH*/*MYH* c.1145G\>A (p.Gly382Asp) G382D (1145G\>A)

  5297                             M     51       Non-Hispanic white                     None                                     Non-FPC         2                                                   None                                                                            *MUTYH*/*MYH* c.494A\>G (p.Tyr165Cys) Y165C (494A\>G)

  5700                             F     63       Non-Hispanic white                     Breast (58)                              Non-FPC         2                                                   Head/neck, stomach                                                              *MUTYH*/*MYH* c.1145G\>A (p.Gly382Asp) G382D (1145G\>A)

  3312                             F     63       Non-Hispanic white                     None                                     FPC             2                                                   None                                                                            *NBN* c.657_661del (p.Lys219Asnfs[\*](#TFN3){ref-type="table-fn"}16)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\# PDAC in family includes tested individual and is not limited to first degree relative
